Abstract: Some important engineering characteristics of compacted clay liners can be adversely affected by desiccation cracking, resulting in the loss of effectiveness and integrity of containment systems as a barrier. Recently, there has been interest in using tire chips as an additive material to prevent desiccation cracking. In this study, compaction, shrinkage, and desiccation cracking tests were performed to study the effect of tire chips on suppressing shrinkage and desiccation cracks in clayey soils. The percentages of tire chips used were 10%, 20%, and 30% by weight. The results of shrinkage tests indicate that the percentage of volume change of the specimens decreases with addition of tire chips and its value also is affected by size of the tire chips. The intensity of cracks diminishes in the clay-tire mixtures so that the observed crack reduction in the range of used tire chips content is about 40% to 80%. The optimum tire chips content also is necessary to achieve maximum crack reduction and minimum shrinkage strain, while maintaining acceptable hydraulic conductivity. This study suggests the potential application of waste tires to suppress desiccation cracks encountered in landfill clay liners.
Introduction
Desiccation cracking of compacted clay liners is a major problem of these structures because it will cause cracks in the liner and consequently will reduce the sealing function of the cover layer dramatically. From an engineering point of view, the liner material should have sufficient engineering properties, such as low hydraulic conductivity, enough compressive strength, high tensile strength, and high flexibility. Desiccation induces cracks in the soil structure and moisture can migrate into the landfill through the cracks and leads to the generation of more waste leachate. Ultimately the potential of soil and groundwater contamination increases [1] . Several researchers have indicated that the hydraulic conductivity of clay liners having desiccation cracks increased significantly while soil strength decreased [2] [3] [4] . Albrecht and Benson found that desiccation-induced cracks led to an increase in hydraulic conductivity by about 3 orders of magnitude [5] . In addition, Yessiler et al. indicated that large amounts of cracking were observed in samples with high fines content and less cracking in soil with low fines content [6] .
To overcome this problem, the concept of reinforcing soil masses by adding some kind of fibers was practiced by early civilizations [7] . Some efforts have been made to include additive materials to increase soil strength and resistance to cracking. The effect of lime, cement, sand, and gravel on the volumetric shrinkage and hydraulic conductivity of clayey soils indicated that the soil shrinkage was reduced but the hydraulic conductivity increased in some cases. These materials were heavier than plain clay [8] [9] [10] .
Today, there is interest in the possible use of other materials to improve clay performance as hydraulic barriers. Freitage studied the effect of fibers on the strength of a compacted residual limestone soil by using 3 different fibers. The results showed that the amount of the strength gained was about 25% and the type of the fiber used did not significantly affect the strength [7] . A study of the behavior of kaolinite/fiber soil mixtures by Maher and Ho showed that fibers increased the shear strength of cohesive soil and the ductility of kaolinite. The results also showed that increasing fiber content increased the hydraulic conductivity of the soil [11] .
Another study indicated that the polypropylene fiber content did not affect the compaction characteristics, but reduced the amount of shrink/swell by an additional 30%-35% [12] . Miller and Rifai also found that with an increase in the fiber contents, the crack reduction and the hydraulic conductivity increase [13] . Analysis of the crack network and dimensions of cracks using the crack intensity factor revealed that fiber additives suppressed the desiccation cracks in landfill cover barriers [14] .
In the last decade, interest in using tire wastes to manage waste materials has arisen in engineering projects. The Rubber Manufacturer's Association estimated that about 300 million tires were generated in the USA in 2005 and the total number of scrap tires consumed in end-use markets reached approximately 260 million tires. It also estimated that about 190 million scrap tires remained in the stockpile at the end of 2005 in the USA [15] . Official Iranian statistics estimated that about 20 million tires were produced in the country in 2005 [16] , and about 10 million scrap tires are added to the existing stockpile annually. These waste materials occupy a large volume in nature and cause serious sanitary and environmental problems. Therefore, recently a considerable number of studies have been carried out for using tire crumbs in engineering projects.
The results of Cokca and Yilmaz indicated that fly ash with up to 10% rubber and bentonite added appeared to be a suitable material for construction of a liner since the most important property required (i.e. hydraulic conductivity) was achieved [17] . Cetin et al. added fine and coarse tire chips to clay and found that the shear strengths increased up to 30% for fine and 20% for coarse tire chips mixtures. In addition, the permeability of clayey soil and mixtures was consistent with typical low permeability clayey soils. The permeability increased as the normal pressure decreased and the percent of tire chips increased [18] . The compacted rubber fiber-clay was used to increase the shear strength of soil byÖzkul and Baykal [19] . Tang et al. concluded that the fiber would cause an increase in the strength and ductility and a decrease in the stiffness of cement stabilized clays [20] .
A general review of previous studies reveals that almost all the research ceased to comprehensively evaluate the effect of fiber on the behavior of clays, and the effects of tire chips and clay type on the shear strength of clay-tire mixtures have not been studied. In addition, the effects of these additives on the shrinkage and cracking characteristics of clayey soils are left unknown.
To evaluate these effects, a number of compaction, shrinkage, and cracking tests were carried out on the plain clay and clay-tire mixtures. The clay-tire mixtures were prepared by adding different amounts of tire chips to clay. Three different sizes of tire chips were added to the clay to study the effect of tire size on the behavior of mixtures. Then percentage of volumetric shrinkage strain and cracking characterizations were evaluated in terms of tire chips content and size, and clay type.
Experimental program

Materials
Two types of cohesive soils and tire chips of different sizes were used in this research. Characteristics of each material are provided as follows.
Tire chips
The tire chips used in the soil mixtures were sieved and those retained between 2 adjacent sieves were selected as the tire part of the mixtures. In order to evaluate the effect of tire chip size on the behavior of mixtures, tire chips were prepared in 3 different sizes and added to the plain clays. These sieved materials were named R1, R2, and R3 with average size of 1.28 mm, 3.56 mm, and 5.53 mm, respectively. Specific gravities of these materials were 0.812, 0.912, and 0.988, respectively. The tire chips were a hydrophobic and chemically inert material that did not absorb or react with the soil moisture or leachate.
Cohesive soils
Two types of cohesive materials were used in this research, namely AC and ACB clay. The liquid limit of AC clay was 33% with a plasticity index of 12%, G S = 2.698, and categorized as CL, according to the Unified Soil Classification System (USCS) [21] . To investigate the effect of clay type on the characteristics of soil mixtures, ACB clay with index properties of LL = 61%, PI = 33%, and G S = 2.64 was used. This clay was categorized as CH [21] .
Specimen preparation
A number of soil specimens, made of clay and tire chips mixtures and 2 plain clays, were tested. Soil mixtures were prepared by mixing different amounts of clay and tire chips (by weight). The names of the specimens and their specifications are listed in the Table. The tire chip type used in the mixtures is identified by R1, R2, and R3, and AC and ACB indicate the type of clay matrix in the name of the specimens. Percentage of clay by weight is also entered in the name of the specimen; e.g., the specimen made of 80% AC clay and 20% R1 tire chips is shown as R1-AC80.
Laboratory tests
Standard compaction tests
To closely model the prototype conditions, standard Proctor compaction tests [22] were performed on the plain clays and soil mixtures to obtain their maximum dry density (γ dmax ) and optimum water content ( ω opt ) .
Shrinkage tests
To evaluate the shrinkage behavior of clay-tire mixtures, shrinkage tests, as described in Briaud et al. [23] , were conducted on the specimens. The materials needed for each specimen were compacted to a dry density of 0.95γ dmax with moisture of 1% wet of optimum in a split cylindrical Plexiglas mold 90 mm in diameter by 100 mm in height. To create the saturation condition and downward drainage during the desiccation process, holes were designed within the bottom plate of the mold. The specimen was kept in a container filled with water in an approximately saturation condition while a 5-kPa vertical pressure was applied to the upper surface of the specimen. A schematic view of a soil specimen within the cylindrical Plexiglas is shown in Figure 1 . Probable swelling of the specimens was measured using a vernier caliper and its final value was recorded. Moreover, to ensure saturation of the specimen, it was weighted occasionally and degree of saturation was back calculated. The specimen was extracted from the water container to drain, and after 2 days the mold was removed from around the specimen for air drying. During the drying process the weight and volume of the specimens were measured periodically. An average of at least 4 measurements were made using a vernier caliper to compute the volumetric shrinkage of the specimen and its void ratio. Using the initial dry weight of the materials and previous changes in weights, the water contents corresponding to each measurement were back calculated.
Cracking tests
To determine cracking characteristics, ACB100, R1-ACB, and R2-ACB specimens were compacted in 204-mm diameter by 51.5-mm height steel molds with similar conditions to the shrinkage tests. They were considered to be completely dry when the density and configuration of the surface cracking maintained a steady condition for at least 7 days. Then the surface of specimens was wetted and dried again. Geometric features of the cracks were monitored at the end of the second drying process using digital images of the specimen surface. The cracking area at the surface of specimens was used to determine the crack intensity factor (CIF ) in the cracked specimens. The CIF is defined as the percentage of the cracked area to the total surface area of the sample. In addition, a crack reduction (CR) factor was calculated to make comparisons between the different clay-tire mixtures. The values of CIF and CR factors were calculated using the following equations [13] :
where A c and A t are areas of cracks and area of specimen surface, respectively; CIF n = crack intensity factor for plain clay specimen (%) and CIF f = crack intensity factor for mixed specimens (%).
Analysis of the results
The experimental results were used to evaluate the effect of the amount and size of the tire chips and clay type on the compaction, shrinkage, and cracking behavior of the mixtures. The analyses of the results are discussed below.
Compaction behavior
The impact of tire chip content on the compaction curves of specimens is indicated in Figures 2a-2c . The values of maximum dry density (γ dmax ) and optimum water content (ω opt ) are listed in the Table. The inclusion of tire chips to the clay affected both the optimum water content and the maximum dry unit weight. With an increase in tire chip content, both of these parameters decreased. In other words, adding tire chips to the clay produces a lightweight material for engineering purpose and reduces the water content required for better compaction, as compared to plain clay. The change in compaction behavior of the soil due to tire chip inclusion was approximately significant.
Shrinkage behavior
The shrinkage behavior of the soil specimens was evaluated by variations in void ratio (e) versus water content, as presented in Figures 3a-3c , respectively, for R1-AC, R2-AC, and R3-AC mixtures. Similar plots for R1-ACB, R2-ACB, and R3-ACB mixtures are shown in Figures 4a-4c , respectively. As observed from these figures, the void ratio of the specimen decreases due to reduction in water content until it reaches the water content at which no more changes in volume are observed. In other words, drying of specimens causes volume reduction until water content reaches a limit value and thereafter the drying process continues without volume change. This limit water content is the shrinkage limit of each specimen and can be calculated from the e-ω .G s curve for the specimens. The values of shrinkage limit for all of the specimens are listed in the Table. Comparing these values shows that the shrinkage limits decrease with an increase in tire chip content within the specimens. Variations in the shrinkage strains of specimens at the end of the tests in terms of tire chip content (ω R ) are presented in Figure 5 . It shows that with an increase in ω R the rate of reduction in void ratio (or shrinkage) decreases as the void ratio reaches the lowest value at about ω R = 30%; i.e. the inclusion of tire chips to the clay causes the shrinkage strain to diminish, and therefore there is a limited amount of cracking at the surface of the specimens. The effect of clay type on shrinkage behavior can be also evaluated from Figures 5a-5c. These figures illustrate that the role of tire chips in reduction of shrinkage is more noticeable in ACB-clay mixtures than in AC-clay mixtures. A comparison between AC-clay and ACB-clay mixtures in Figure 5 reveals that adding tire chips to the AC clay for up to about 20% does not change shrinkage behavior significantly, but beyond this content shrinkage strains decrease with an increase in ω R . Conversely, for ACB-clay mixtures by slightly adding the tire chip content from 0% to 20% the values of shrinkage decreases considerably; however, the higher percentage of increase in ω R (e.g., 20% to 30%) does not affect shrinkage at the same rate. Figures 7 and 8 show the surficial cracking features of R1-ACB and R2-ACB mixtures at the end of cracking tests, respectively. A comparison between these photos shows that the cracks are wider and more intensive in the clay specimen than in the mixed specimens. The cracks for the mixtures rich in tire chips (last photos of The effect of tire reinforcement on desiccation cracking was evaluated by CIF and CR factors. These parameters were calculated using processed surficial images of cracked specimens. Figures 9 and 10 show the processed images of R1-ACB and R2-ACB mixtures, respectively. The relationship between CIF and tire chip content (Figure 11a) shows that increasing the tire chips from 0% to 30% significantly decreases the CIF, from 4.22% to 0.82%. Similarly, as illustrated in Figure 11b , increasing the tire chips content increases the CR percentage. Maximum CR within the range of tire chip content tested in this research is about 80%.
Cracking characteristics
Variations in crack depth with tire chip content (Figure 11c) reveal that with an increase in tire chip content, from 0% to 30%, depth of cracks significantly decreases, from 9.5 mm to 0.30 mm. Percentage of reduction in the specimens with ω R = 30% as compared with the associated value of plain clay specimen is 90%. Furthermore, it is observed that the rate of reduction decreases with increasing ω R from 20% to 30%. Review of Figures 6 through 10 reveals that the influence of R1 tire chips in crack reduction is more evident than that of R2 tire chips. 
Discussion
The experimental test results show that the dry unit weights of mixed specimens are about 11%-17% lower than those of plain clays. The majority of this decrease is due to the lower specific gravity of tire chips, which is in agreement with results reported previously.
Based on the obtained results, it can be concluded that the shrinkage and crack intensity in the clay-tire mixtures is lower than that in pure clays. Improvement in these properties may be due to 2 factors: a) low clay content in the mixed specimens, and b) tire inclusion and its interaction with the clay particle. For this purpose, reduction in shrinkage percentage of mixed specimens relative to associated values of pure clay was calculated. These values are 16%, 56%, and 31% for R1-AC70, R2-AC70, and R3-AC70 mixtures, respectively. The values for R1-ACB70, R2-ACB70, and R3-ACB70 mixtures are 20%, 62%, and 41%, respectively. If it is assumed that tire chips cannot shrink, regarding the mentioned values, it can be concluded that both of the abovementioned factors have significant roles in shrinkage reduction. The effect of the second factor is pronounced in the mixtures with R2 tire chips. Similarly, Figure 11b shows that CR values for R1-ACB70 and R2-ACB70 specimens are 80% and 36%, respectively. This means that the effect of tire inclusion and its interaction with clay particle factor is approximately 50% and 6% for the mentioned specimens.
To use clay-tire chip mixtures as landfill liner material it is necessary to select an optimum tire chip content to achieve the minimum amounts of cracking, shrinkage strain, and hydraulic conductivity, and sufficient shear strength. However, it is anticipated that no single tire content will optimize all these considerations and the value of optimum tire content cannot be obtained based on only the crack reduction-tire content relationship. For example, it is expected that both crack reduction and hydraulic conductivity increase as tire content increases. The value should maximize the benefits of tire inclusion in terms of all the parameters mentioned above.
Hydraulic conductivity tests were not included in this research simply because of the existence of similar studies [18, 19] . The maximum tire chip content in Cetin et al.'s [18] study was 50% and the plasticity property of the tested clay was approximately the same as that of AC clay tested in this research. They found that the permeability increased as the percentage of tire chips increased. They also concluded that the permeability of the clayey soil and the mixtures was consistent with typical low permeability clayey soils. In addition,Özkul and Baykal [19] reported that the clay tested has an average hydraulic conductivity of 2 × 10 −7 cm/s, which did not change significantly due to the inclusion of rubber fibers. Therefore, the hydraulic conductivity of tested specimens in this research remains in the admissible range and the maximum percentage of tire chips (i.e. 30%) does not significantly increase the hydraulic conductivity of the mixed specimens.
Results of previous research and this research signify that for mixtures with higher content of tire chips practical workability limits exist. Thus, exceeding a tire chip content of 30% is not practical due to difficulty in tire-soil mixing to obtain uniform distribution of tire within the soil.
Summary and conclusions
In this paper, compaction, shrinkage, and cracking characteristics of clay and tire chip mixtures were studied by carrying out laboratory tests and the different properties of mixtures were compared with associated properties of plain clay. The inclusion of tire chips in the clay affected compaction and shrinkage, and to a higher degree cracking behavior of the soil mixture. The clay-tire mixtures improve the function of clay liners and covers and act as hydraulic barriers for waste containment systems by decreasing potential cracking. Based on the experimental tests and data analysis, the following conclusions are drawn from this study:
-The maximum dry density and optimum water content are reduced by adding tire chips to the clay.
-Volumetric shrinkage of the specimens is decreased by adding tire chips to the clay. The rate of reduction is considerable for mixed specimens consisting of 30% tire chips. Moreover, the results show that the size of tire chips (1.28 mm, 3.56 mm, and 5.53 mm in this research) may affect the volumetric shrinkage of specimens.
-Addition of tire chips to the clay lowers the area of cracks in the specimen's surface and their depth. In the mixed specimens of around 30% tire chips, this value of reduction reaches its highest value.
-Addition of tire chips to the clay increased crack reduction significantly due to improved tensile strength of the soil. Within the range of tire chip contents tested in the study, crack reduction depends on the size of tire chips and the type of clay matrix. However, tire content greater than 30% has an impact on mixing considerations; it reduced workability and uniform distribution of tire in the soil mixtures.
-The optimum tire content required achieving maximum crack reduction, minimum shrinkage, and acceptable hydraulic conductivity within the range of mixing workability was found to be about 30%.
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